Abstract-This paper presents a coordinated secondary control (CSC) strategy for distributed power management for an autonomous hybrid three-port AC/DC/DS microgrid. The proposed CSC is on top of a generalized primary control (GPC), which consists of local power sharing (LPS) control within an individual AC or DC subgrid, global power sharing (GPS) control throughout the AC/DC subgrids, and storage power sharing (SPS) control in a distributed storage (DS) network. The CSC along with the GPC uses the local frequency/voltage deviations and offers decentralized power management with enhanced overall reliability. To eliminate the inherent frequency/voltage deviations in GPC and restore to their nominal values, a secondary control is normally applied to all distributed generators (DGs), which would degrade the performance of decentralized power management. To overcome this concern, a CSC strategy is proposed to concurrently restore frequency/voltage and re-establish a distributed power management by means of limited information exchange through the low-bandwidth communication links. The proposed control scheme has been verified by both simulations and controller hardware-in-the-loop (CHIL) experiments in an OPAL-RT digital simulator system.
I. INTRODUCTION
H YBRID AC/DC microgrids, which typically consist of a cluster of various distributed generations (DGs), distributed storages (DSs), AC/DC loads, and other on-site electric components [1] are attracting attention as future distribution systems due to the merged advantages they offer in both AC and DC microgrids [2] . The AC subgrid provides a connection between a hybrid microgrid and the utility, enabling grid-connected and islanding operation modes for the hybrid system [3] . The coexistence of a DC subgrid helps to significantly improve overall efficiency by reducing power conversion loss when interconnecting with DC sources and loads [4] , [5] .
An important issue in complex hybrid systems is arriving at a proper design of energy management system (EMS) for reliable and economical operations [6] . The centralized control architecture with various EMS algorithms has been widely investigated for EMS systems [7] , [8] . However, the malfunction in the communication network within the centralized controls is seen as significantly lowering overall system redundancies.
To enhance the communication fault ride-through capability, the decentralized control architecture without communication links is normally combined with the centralized control layer to form the hierarchical control scheme [9] , [10] . Among decentralized control methods, the droop control method has been widely adopted to achieve independent power sharing among multiple DGs in AC or DC microgrids. [11] - [13] . The droop control is capable of providing higher reliability and flexible implementation to parallel operations of DGs in the microgrid without the communication network. Nevertheless, benefiting these advantages is at the cost of the major drawbacks, such as tradeoffs between power sharing and voltage regulation accuracy, poor performance of nonlinear load sharing, and inaccurate reactive power sharing [13] . To overcome these shortcomings, considerable effort has been made in the literature to develop various droop variants.
To date, there have been many improvements in droop variants; however, the inherent voltage and frequency deviations consistently exist in droop controlled microgrids. The impact of these deviations cannot be neglected if synchronization process, sensitive loads, and circulation current are taken into consideration. The existence of the deviations affect the synchronization process in both AC and DC subgrids when transferring from islanding to grid-connected mode [2] , [12] . In addition, the voltage and frequency tolerances are extremely limited for sensitive loads, and restorations are mandatory to ensure grid code compliance. Moreover, the deviations cause large circulating current in large-area microgrids with uneven line impedance. In view of the above concerns, the droop controlled microgrids are normally managed by a secondary control above the droop control layer. In the secondary control, a low-bandwidth communication system is required between DGs and the respective buses in order to eliminate the voltage/frequency deviations, whilst it is still capable of maintaining the power sharing performance [13] .
Droop control has also been extended to hybrid microgrids to fulfill fully decentralized control architecture. A novel method for global power sharing (GPS) throughout the entire hybrid system was developed by properly tuning the power flow on the bidirectional interlinking converter (BIC) on the basis of merging the AC and DC droop characteristics on both buses [14] , [15] . The main advantages of the GPS operation include:
1) Lower stress on any individual DG; 2) Broader capacity constraints for single AC or DC subgrids; 3) Faster response to load change; 4) Mutual reserve between two subgrids. GPS operations solely rely on the measurements of DC voltage and AC frequency deviations, which are the coproducts of the droop control method in both AC and DC subgrids. Eliminating the deviations using the conventional secondary control would therefore affect the performance of the GPS operation if voltage restoration is required by the hybrid system. To resolve this issue, a coordinated secondary control with low bandwidth communication between DGs and BIC was proposed to meet voltage restoration requirement and retain the GPS performance concurrently [16] .
On the other hand, there are DS elements that are critical for microgrids because of their considerable contributions to energy buffering, power balancing, and fault ride-through [17] , [18] . DS applications and the appropriate control strategies in AC/DC subgrids are flexible. The DS can be controlled as a current source for power balance in the AC microgrid [19] , while it can also be controlled as a voltage source to maintain the power balance in the DC microgrid. The diversity in DS control strategies with respect to different applications in the AC or DC subgrid would obviously increase the control complexity, particularly for the coordination control between AC and DC microgrids. To reduce this complexity and manage the overall DSs effectively, all DS elements are connected to the DS bus, which is the intermediate DC-link of the two-stage BIC, to form the AC/DC/DS hybrid microgrid infrastructure [20] .
A subsequent challenge is to develop a decentralized power management system to enable the communication-fault ridethrough capability for the hybrid AC/DC/DS system, and thus enhance the overall reliability. To reach this target, a distributed control strategy is proposed in [20] , where the local power sharing (LPS) for independent load sharing in local subgrids, the GPS for entire load sharing throughout the hybrid system, the storage power sharing (SPS) for DSs charge/discharge management, and the multi-level power exchange control for scheduling LPS, GPS, and SPS are elaborated. The implementation of the decentralized power management, however, is highly dependent on deviations of DC bus voltage and AC side frequency. If voltage and frequency restorations are required in a particular scenario, the elimination of the deviations would seriously affect the performance of the decentralized power management. More specifically, both BIC and DSs do not have information on supply-demand conditions in both subgrids if the voltage and frequency deviations are enforced to zero by the secondary control. As a result, the GPS, SPS, and the multi-level power exchange control cannot be maintained without supplydemand information in AC and DC subgrids.
To overcome the aforesaid issues, a coordinated secondary control (CSC) is proposed in this paper to re-establish a distributed power management for the AC/DC/DS hybrid system under conditions that the nominal voltages are mandatory and hence the voltage/frequency restorations are required. The proposed coordinated secondary control and the distributed power management only introduce low-bandwidth communication between interlinking converters and the DGs controllers. The central control system with mass information exchange is not necessary and the overall reliability can thus be improved. Moreover, the decentralized and distributed power management can be switched smoothly by triggering the voltage/frequency restoration processes. This paper is organized as follows. Section II presents the system configuration of a hybrid AC/DC/DS microgrid and the conventional decentralized power management. The proposed CSC with the modified GPS and SPS are elaborated in Section III, followed by the distributed power management in Section IV. The simulation and the experimental results are subsequently provided in Section V. Lastly, conclusions are drawn in Section VI.
II. SYSTEM CONFIGURATION AND DECENTRALIZED POWER MANAGEMENT

A. System Configuration
The configuration of the hybrid AC/DC/DS microgrid is shown in Fig. 1 
B. Decentralized Power Management
The distributed control for a hybrid AC/DC/DS microgrid has been investigated in [20] and a decentralized power management scheme was developed to properly manage the power flows for the communication-free hybrid system. The distributed control strategy consists of LPS, GPS, SPS, and multilevel power exchange control.
1) LPS within AC or DC Subgrid
The droop control method is applied to achieve proportional power sharing amongst DGs within an AC or DC subgrid. The droop expressions for AC DGs are in [16] , [21] , [22] :
where w and E are frequency and amplitude of the reference voltage, w max and E max are the maximum frequency and amplitude at no load, w min and E min are the minimum allowed frequency and amplitude at full load, m and n are the negative droop coefficients, P ac and Q ac are the active and reactive output power, and P max ac
and Q max ac are the active and reactive power rating of the DG, respectively.
Likewise, the droop control for the DGs in DC subgrid can be expressed as in [23] :
where V is the DC reference voltage, a is the negative droop coefficient, V max is the maximum output voltage at no load, V min is the minimum voltage at full load, P dc is the DG's output power, and P max dc is the DG's rating, respectively.
2) GPS throughout AC and DC Subgrids
The GPS operation throughout AC and DC subgrids is achieved by properly tuning the power flow on the two-stage BIC. The active power droop expressions for both AC and DC subgrids are normalized in order to merge the two droop characteristics with different y-axis dimensions. By doing so, the loading difference between two subgrids and the required power flow on the BIC are linked up. With this relationship, the power command for the BIC can thus be configured based on the objective of global power sharing. The normalized values are defined [14] , [18] , [20] as:
where f is the AC side frequency, V dc is the DC side voltage of the two-stage BIC, and the subscripts min and max represent the minimum and maximum values for each variable respectively. All DGs in either AC or DC subgrid are capable of sharing the total loads throughout the entire hybrid system under condition of Nf = NV dc [20] . To force Nf = NV dc , a proportional-integral (PI) controller is employed and the output of the PI controller is rightfully the required active power exchange between AC and DC subgrids.
3) Storage Power Sharing
DS elements have been used to compensate or absorb active power under extreme conditions such as over-stressed loading. The charge/discharge operation modes are managed by the global demand-supply index, defined as:
The SPS operation can therefore be maintained by the ds droop characteristics as [20] :
where P ds is the charge/discharge power and s is the modified SoC-based droop coefficient whose expression is defiend as [24] :
where SoC n is the nominal SoC, λ is the sharing weight factor between DS's SoC and rating, and P ds,max is the power rating of the DS, respectively. With the SoC-based droop control, the shared power for a specific storage unit is not solely determined by its capacity. In practice, the instant SoC would also partially dominate the storage power sharing.
4) Multi-level Power Exchange Control
The multi-level power exchange control is designed to reduce the unnecessary global power sharing and storage power sharing activities. Based on this, the power loss on the BIC can be reduced and the frequent charge/discharge microcycles for the DS units can also be avoided. To achieve this multi-level power exchange control, the tolerance bands of the normalized Nf and NV dc are divided into three regions in order to manage and schedule the three different power sharing operations.
With coordinated consolidation of 1)-4), a decentralized power management for the hybrid system is developed. However, the droop controlled DGs would still consistently produce AC frequency and DC voltage deviations in the steady state. The ever-present deviations potentially result in loss of synchronization between the hybrid microgrid and the utility, which further severely affect the mode transfer from islanding to grid-tied. Apart from the above issue, the data acquisitions (measurements of AC and DC voltages) for the storage converters limit the deployment and placement of the hybrid microgrid if fully decentralized control is required. The storage converters are therefore required to be placed close to the BIC to collect the analog measurements from the sensors directly, without utilizing a communication network. This largely degrades the flexibility of microgrid deployments and restricts the plug-and-play features.
To eliminate frequency and voltage deviations, secondary controls have been widely adopted [25] - [27] . The GPS operation, however, is based on the existence of deviation. By introducing the secondary control, the normalized frequency and voltage would be forced to zero and the GPS operation can no longer be maintained. The same issue also exists in SPS and multilevel power exchange control. To solve this problem, a coordinated secondary control is proposed as follows.
III. SECONDARY CONTROL AND COORDINATED SECONDARY CONTROL
A. Secondary Control for AC/DC Subgrids
The secondary control is generally applied to the upper layer of the primary droop control to eliminate voltage and frequency deviations. The bus voltages are measured and sent to the secondary control layer via the low bandwidth communication links. A PI controller is normally used to enforce the voltage/frequency measurements to track their rated values as follows:
where δw, δE and δV are the outputs of the secondary controller, w n , E n and V n are the nominal values, w MG , E MG and V MG are measured values, k pw , k iw , k pE , k iE , k pV and k iV are control parameters of the PI controllers, respectively. The output of the PI controllers δw, δE and δV in the secondary control layer would then be sent to the primary droop control. This is equivalent to shifting the droop characteristics along the y-axis by the shifting item δw, δE and δV . Consequently, (1), (2) , and (3) become
With the secondary control, both bus voltages are controlled at the nominal values while the LPS within each subgrid can still be retained regardless of the shifting on the original DGs droop characteristics.
B. Coordinated Secondary Control
Although the bus voltages can be maintained at their nominal values by the secondary control, the elimination of the deviations indicates zero normalized values in (4) and (5) . As a result, they are unable to indicate the supply-demand conditions in both subgrids. This would result in poor performance for the GPS and SPS operations, and further affect the decentralized power management. A simple but feasible method is to make use of the low bandwidth communication to link up DGs and BIC so that the BIC remains aware of the supply-demand conditions by updating the normalized values.
With this in mind, the droop components mP ac and aP dc in (12) and (14) are sent to the BIC controller through the communication links. By gathering this information, the actual frequency and voltage deviations f − (f max + f min )/2 and V dc − (V max + V min )/2 in the primary control are broadened to the virtual frequency and voltage deviations in the secondary control as (f max −f min )/2−mP ac /2π and (V max −V min )/2− aP dc , respectively. The virtual deviations indicate the potential deviations caused by the primary droop control. As a matter of fact, it does not exist in the BIC local measurements because of the impact from the conventional secondary control. By introducing the virtual deviations, the normalization definitions in (5) and (6) can be redefined as:
Substituting the droop expressions, (15) and (16) thus become
The modified definitions for the normalized values are capable of reflecting the supply conditions in both subgrids. The coordination between DGs and BIC under the secondary control scheme is thereby defined as the coordinated secondary control in this paper. With the modified normalized values, the calculation of the BIC power command is no different with the process in the primary control, and is as follow:
where k p and k i are the control parameters of the PI controller, which is used to force Nf C = NV C . The following equation can thus be deduced from (1), (3), (15), and (16):
Likewise, the SPS performance could be improved as well by sending the virtual deviations to the storage converters through the low bandwidth communication links. The global demand-supply index is therefore defined as:
In summary, minimum modifications over the primary control structure are needed by introducing the virtual deviations in the CSC. This reduces the firmware development for the switch between primary control and the coordinated secondary control. Furthermore, the low bandwidth communication links in the CSC increase the deployment flexibility since the DS converters do not need to be placed close to the BIC. Lastly, the SPS performance is also considered in the CSC.
IV. DISTRIBUTED POWER MANAGEMENT
In spite of the improvements in the power sharing performance by the proposed CSC scheme, the power exchange amongst three subgrids is consistently ongoing regardless of whether the individual subgrid is able to maintain the local power balance and thus the power exchange with other subgrids is unnecessary so as to save the exchange loss. Scheduling the LPS, GPS and SPS operations could obviously bring benefits to loss reduction if the unnecessary GPS and SPS events can be limited. In view of this, a distributed power management for power exchange schedule is proposed in this section.
In general, the GPS operation can be scheduled based on the loading difference between AC and DC subgrids. A slight loading difference indicates closer DG stress in both subgrids. Transferring power from one grid to the other using the GPS principle is not necessary since the DGs stress would not be mitigated and the operation of BIC will produce extra switching and conduction losses. In the event of large loading differences between two subgrids, the power balance between two subgrids based on the GPS principle will reduce the stress on the heavily loaded subgrid. The SPS scheduling is based on the average loading condition in the hybrid system. If the system is largely under-loaded, all DSs will be managed to absorb the surplus power from two subgrids and vice versa.
According to the above analysis, the subsequent issue is to define an appropriate index that indicates the loading conditions in both subgrids for the GPS and SPS scheduling. The power flow from AC to DC on the BIC is defined as the positive value, Equations (17) and (18) then become
where P ac load and P dc load are the AC and DC loads, and P bic,ac and P bic,dc are the power flows on the two-stage BIC, respectively. The loading condition could therefore be obtained by combining Nf C and NV C with the BIC power flows P bic,ac and P bic,dc . Upon the consolidation of the scheduling index as explicated in (24) and (25), E g and E s with the range of 0 < E g < E s < 1 are defined as the threshold values for scheduling GPS and SPS, respectively. In such a case, the two power sharing activities can be managed properly and the LPS operation is consistently maintained by the local DGs regardless of the heavy or light loading conditions. Design of the threshold values E g and E s should be undertaken carefully with respect to smooth and efficient operations. The intervals [0, E g ], [E g , E s ], and [E s , 1] need to be large enough to prevent sensitive GPS and SPS triggers caused by slight load changes. On the other hand, the selection of E g and E s is suggested to be incorporated into the power-efficiency characteristics of the BIC or storage converters to ensure that the GPS or SPS operations are triggered with higher efficiency. The design mechanism, however, is not the focus of this paper and therefore is not discussed in detail.
A. Scheduling for Global Power Sharing
To trigger the GPS operation, two events are defined:
Event B:
where NEf and NEV are the normalized power flows on the two-stage BIC and can be calculated as:
In (24) and (25), Nf C + NEf is the local load condition indicator of the AC subgrid and NV C − NEV is the local load condition indicator of the DC subgrid.
The GPS operation and the power flow on the AC/DC BIC can therefore be managed and tuned using the following equation:
where T means true and F means false.
B. Scheduling for Storage Power Sharing
Likewise, Event C is defined as follows to trigger the SPS operation:
is the overall load condition indicator of the hybrid microgrid. The power absorbed or compensated by DSs can be expressed as:
When the local and overall load indicators are all around zero, Event A, B, and C are all false. The supply-demand balance in each subgrid can be maintained by the LPS control with slight virtual voltage and frequency deviations. The GPS and SPS operations at this moment would not be triggered and hence the power losses on the BIC and storage converters can be saved.
When any or both local load indicators exceed E g , Event A or B becomes true. At least one subgrid is under light or heavy load condition. The GPS operation is enabled to balance the overall supply and demand throughout AC and DC microgrids in order to avoid over stress in any single DG.
When the overall load indicator exceeds E s , Event C becomes true. The entire hybrid system is under extreme light or heavy loading conditions. The SPS operation is activated to balance the global supply and demand through the DS charge/discharge control so as to prevent extreme underloading or overloading conditions.
C. Overall Control System
The block diagram of the overall control system including the proposed CSC and distributed power management is shown in Fig. 2 . In this figure, the data transfer via the low bandwidth communication is highlighted in green while the local measurements are drawn in black. The control objectives and the design methods of different PI controllers in the BIC control loop have been well explained in [15] . The bandwidth of the coordinated secondary control includes the communication delay and the secondary controller bandwidth. To avoid the dynamic interactions between the primary and secondary control, the proportional term in the secondary PI controller is suggested to be removed with only the slower integrator. The communication delays should also be selected properly to improve the system stability [28] . Note, the parallel operation of DGs in AC and DC subgrids is not considered in this paper since the LPS by the droop control has been widely discussed and well proven in the literature. The focus of this paper is to investigate a distributed power management using the proposed CSC. In consideration of this, the AC and DC subgrids in Fig. 2 are represented by a single droop controlled DG in order to generate the droop characteristics on both buses. To examine the SPS performance, two storage units are connected to the DS bus through the storage converters.
V. SIMULATION AND EXPERIMENT VERIFICATIONS
The poor performances of GPS and SPS operations with the conventional secondary control are first demonstrated by the simulations in MATLAB/Simulink environment as shown in Fig. 3 . The secondary control is enabled at t = 0 s for the voltage and frequency restorations. The AC and DC loads were initially set at 3.58 kW and 1.03 kW, respectively. With effective GPS operation, the power flow on the BIC should be around 1.1 kW from DC to ac. However, only 0.5 kW active power was transferred as shown in Fig. 3 . The normalized values were not able to reflect the accurate loading conditions in both subgrids due to the deviation elimination by the secondary control. At t = 2 s, the DC load suddenly increased to 4.8 kW. The power flow on the BIC needs to be reversed using the GPS control, and the SPS operation should be activated to share the loads because of the overall heavy loading condition. However, the GPS and SPS were subsequently disabled in this scenario due to the zero normalized values. At t = 4 s, the secondary control was disabled and it can be shown from the results that the GPS operation could be re-established without secondary control.
The improvements in performance by the proposed CSC were then demonstrated through the simulations using the system parameters listed in Table I . A group of simulation results is provided in Fig. 4 , where the positive value for the DS power flow indicates the discharging mode. The effectiveness of the proposed CSC and the distributed power management scheme under various loading conditions (5 cases in this paper) have been examined and the results are shown in Fig. 4 . The power profiles in 5 different scenarios are provided in Table II . State 1: Initially, the AC and DC load are 6.1 kW and 4.9 kW, respectively. Both AC and DC subgrids are heavily loaded. |(Nf C + NEf) + (NV C + NEV dc )|/2 is around 0.95 and both GPS and SPS are enabled. DS 1 and DS 2 supply 1 kW and 1.5 kW to the AC and DC subgrids, respectively, to relieve the overall system stress. DS 1 with higher capacity and lower SoC discharges less power, indicating the effectiveness of SoC based droop control for SPS. The AC and DC DGs in this interval output 4.64 kW and 3.86 kW active power, respectively, and Nfc equals to NV c, showing the effectiveness of GPS operation.
State 2: At t = 2 s, the AC load decreases from 6.1 kW to 3 kW. |(Nf C + NEf)| changes to 0.04 correspondingly while |(NV C + NEV dc )| remains at 0.9. |(Nf C + NEf) + (NV C + NEV dc )|/2 decreases to 0.47, which is lower than the threshold value for SPS trigger. As a consequence, true event B maintains GPS operation while false event C disables SPS operation. The AC source outputs 4.31 kW and 1.31 kW/ 4.31 kW is transferred to the DC subgrid. The DG in the DC subgrid supplies the remaining 3.59 kW of the DC load. In the steady state, Nfc = NV c indicates the effectiveness of GPS control.
State 3: At t = 4 s, the DC load decreases from 4.9 kW to 2 kW and |(NV C + NEV dc )| changes to 0.18 accordingly. All three events are false at this moment and there is no power exchange among the three subgrids. Nfc and NV c are very close but not equal. The DGs in AC and DC subgrids supply around 3 kW and 2 kW to the local loads, respectively.
State 4: At t = 6 s, the AC load decreases from 3 kW to 0.4 kW and |(Nf C + NEf)| changes to 0.9 accordingly. True event A triggers the GPS operation. The AC source outputs 1.36 kW and 0.96 kW/1.36 kW is transferred to the DC subgrid, supplying the DC load, while the remaining 1.14 kW DC load is supplied by the DC DG. As can been seen, the Nfc and NV c are equalized because the system is under the GPS operation.
State 5: At t = 8 s, the DC load decreases from 2 kW to 0.8 kW and |(NV C + NEV dc )| changes to 0.65 accordingly. |(Nf C +NEf)+(NV C +NEV dc )|/2 is around 0.78. All three events are true and both GPS and SPS are activated. The AC and DC sources output 1.91 kW and 1.59 kW, respectively, which are obviously higher than the power consumption from the AC and DC loads (0.4 kW and 0.8 kW). The DS 1 and DS 2 absorb 1.8 kW and 0.5 kW surplus power, respectively. The ratio of absorbed power 1.8/0.5 is higher than the ratio of their capacities 3/2. This demonstrates the effectiveness of the SoC based droop control for SPS operation.
To further experimentally verify the validity of the proposed control scheme, controller hardware-in-the-loop (CHIL) experiments were executed in the OPAL-RT digital simulator system. In CHIL experiment, the CSC for the BIC, SPS for the two DS units, and the proposed distributed power management were implemented in a DSP (TMS320F28335) controller whilst the other system elements in Fig. 1 were simulated in real-time in the OPAL-RT simulator. The system configuration for the CHIL verification is no different than the one in the simulations. The CHIL experiment platform is shown in Fig. 5 . System performance in two transient states when the system is subject to the load step-change was also examined. The experimental results are shown in Fig. 6 , where the voltage/ current waveforms are captured. For the system power and frequency profiles, this information is read from the DSP code compiler due to limited oscilloscope channels.
Opal-RT DSP Controller
The first transient performance is shown in Fig. 6(a) . Initially, the DC and AC loads are approximately 1.0 kW and 3.0 kW, respectively. The DC subgrid is under light loading condition and the DC load is not close to the AC load. This makes Event B true, and the GPS operation is hence enabled. However, the SPS operation is not activated due to false Event C. With GPS control, the BIC transfers around 0.8 kW from DC to ac. At t = 0.5 s, the AC load suddenly increases to 6.1 kW and the power flow on the BIC increases to 2.2 kW accordingly due to the GPS control. As shown in Fig.  6(a) , there is a slight drop in the DC bus voltage during the transition. The DC bus voltage is then gradually restored to the nominal value by the secondary control.
The second transient performance is shown in Fig. 6(b) . The DC load increases to around 4.8 kW at t = 0.5 s. Both DC and AC subgrids are heavily loaded and Event C becomes true. The SPS operation is therefore activated and the discharge powers of DS 1 and DS 2 are 1.1 kW and 1.5 kW (DS 1 's power was read from the DSP code compiler). With the CSC strategy, the AC bus frequency and the DC bus voltage are restored to their nominal values while the distributed power management is able to manage the LPS, GPS, and SPS effectively without performance degradation. Both simulation and experimental results show the effectiveness of the proposed coordination secondary control scheme with the distributed power management.
VI. CONCLUSION
In this paper, a coordinated secondary control scheme for autonomous hybrid three-port AC/DC/DS microgrid with distributed power management has been proposed. With limited and speed-insensitive information exchange by the low bandwidth communication system, the proposed coordinated secondary control scheme is capable of maintaining local power sharing, global power sharing, storage power sharing, and distributed power management, while regulating the AC and DC voltages at nominal values. Both simulation and experimental results have been provided to verify the validation of the proposed control scheme.
